We report an experimental observation of the enhancement of nondegenerate four-wave mixing (NDFWM) based on electromagnetically induced transparency (EIT) in a lambda-type three-level system of rubidium atoms. We measured both the linear susceptibility Im x ͑1͒ D (absorption) and the third-order nonlinear coefficient x ͑3͒ D separately for the NDFWM process at a low atomic density. We found that, owing to the EIT effect, the linear absorption term Im x ͑1͒ D is greatly reduced, while the nonlinear generation term x ͑3͒ D is resonantly enhanced, permitting us to observe a significant enhancement of the NDFWM signal in an optically dense medium. © 1996 Optical Society of America Recently there has been much interest in electromagnetically induced transparency 1 -4 because of its potential applications in nonlinear-optical processes, 2, 5 lasing without inversion, 6 pulse matching, 7 and quantum noise reduction. Continuous-wave EIT effects have been observed both in a ladder-type three-level system 3 and a lambda-͑L-) type 4 three-level system in atomic Rb vapor. In particular, quantum interference between the lifetime-broadened dressed states has been observed directly, and the dispersion properties of EIT have been measured.
3,4
Enhanced nonlinearoptical processes using EIT have also been demonstrated in optically dense media with pulsed laser fields. 2, 5 A high phase-conjugate gain owing to coherent population trapping was reported recently in a four-level double-L system of sodium vapor by Hemmer et al. 9 In this Letter we report a clear experimental observation of an enhanced nondegenerate four-wave mixing (NDFWM) process, using the EIT effect in a three-level L-type system of Rb atoms with cw diode lasers. The key idea of enhancing nonlinear-optical processes by use of EIT (Ref. 5) is that the absorption of the generated f ield [related to the linear susceptibility Im x ͑1͒ D ] can be substantially reduced as a result of the EIT effect while, at the same time, the nonlinear coeff icient x ͑3͒ D associated with the nonlinear-optical generation process is resonantly enhanced. This leads to a significant enhancement in nonlinear-optical generation in an optically dense medium, in which there would be a large absorption for the generated f ield without the EIT effect. In our experiment we f irst measured both the linear susceptibility Im x ͑1͒ D (absorption) and the third-order nonlinear coefficient x ͑3͒ D for the NDFWM process under a low-atomic-density (optically thin-medium) condition. The results confirmed the predictions that Im x ͑1͒ D is reduced while x ͑3͒ D is resonantly enhanced as a result of the EIT effect. 5 Then we observed the enhancement in the generated NDFWM signal under high-atomic-density (optically thick-medium) conditions.
Our L-type three-level system consists of Rb 87 atoms in a Doppler-broadened vapor cell. As shown in Fig. 1 , the two hyperf ine levels F g 1 and F g 2, spaced by 6.8 GHz, of the ground-state 5S 1/2 serve as the two lower states of the L system. The excited state 5P 1/2 , F e 1 serves as the common upper state. 4 The other hyperf ine level of the excited state (5P 1/2 , F e 2) is 814 MHz away (outside the Doppler-broadening linewidth), and its effect can be neglected. The NDFWM is in a forward configuration, i.e., one pumping wave (with frequency v 2 ) is on resonance with the F g 2 to F e 1 transition, and the other pumping wave v 1 is far off resonance (with 450-MHz detuning) with the F g 1 to F e 1 transition. As the weak probe wave v p is tuned to be v 2 2 450 MHz, a phase-conjugate wave v c will be generated at a resonant frequency with the F g 1 to F e 1 transition, satisfying the phase-matching condition of v 1 1 v 2 v p 1 v c . In steady state most atoms will be optically pumped to the ground state F g 1. If there were no EIT effect, the generated conjugate wave at frequency v c would be greatly absorbed by the Fig. 1 . NDFWM based on EIT in a three-level L-system of Rb 87 atoms. Pumping waves are at frequencies v 1 and v 2 , and the probe wave is at frequency v p . The phaseconjugate wave is generated at the frequency v c v 1 1 v 2 2 v p and experiences transparency produced by the pumping wave at frequency v 2 .
dense medium as a result of the resonance absorption. However, the EIT effect in this L-type three-level system 4 causes the atomic medium to be transparent for the generated conjugate wave of frequency v c . This permits us to increase the atomic density of the medium and thus increase the total eff iciency of the nonlinear-optical generation process, as demonstrated by Hakuta et al. 2 and Harris et al. 5 The propagation equation of the amplitude of a generated conjugate wave in the atomic medium can be expressed by
where 
Therefore the third-order susceptibility x ͑3͒ D can be measured directly from the generated conjugate wave E c in an atomic system with a low atomic density (optically thin medium).
The experimental setup is shown in Fig. 2 . The diode laser, DL1, serves as pumping wave v 1 with an optical power of 0.3 mW, corresponding to an intensity of 17.9 mW͞cm 2 at the medium. The diode laser, DL2, serves as the pumping wave v 2 with a typical optical power of 10 mW (corresponding to an intensity of 600 mW͞cm 2 ) at the medium. The probe wave v p is produced from the sideband modulation of the pumping wave v 2 by application of a rf signal (ϳ 610 mV) from a function generator to diode laser DL2. 10 The rf modulation frequency v m is f ixed at 450 MHz. The sideband intensity is approximately 3 3 10 24 that of the pumping wave carrier ͑v 2 ͒. Pumping wave v 2 and probe wave v p have cross polarization with respect to that of the pumping wave v 1 . These three waves pass collinearly through a temperature-controlled Rb vapor cell that is 45 mm long. The generated conjugate wave v c ͑ v 1 1 v m ͒, which has the same polarization as that of the pumping wave v 1 , is detected by the beat signal at the frequency v m between the conjugate wave v c and the pumping wave v 1 in a silicon avalanche photodiode (Hamamatsu S2383), which is connected to a spectrum analyzer.
To measure Im x
͑1͒
D and x
͑3͒
D in an optically thin medium, we set the Rb cell at room temperature such that the atomic density is approximately N 2.6 3 10 10 cm 23 , at which the maximum absorption coeff icient of the F g 1 to F e 1 transition is ϳ8%, as shown in Fig. 3(a) . When measuring Im x ͑1͒ D we set the amplitude of the rf modulation signal to zero (E p 0), decrease the intensity of the pumping wave v 1 to ϳ50 mW͞cm 2 with a neutral-density filter, and scan v 1 across the atomic resonance. As expected, a reduction in absorption at the resonant frequency is found as a result of the EIT effect. The NDFWM signal E c E ‫ء‬
is recorded by the beat signal between the generated conjugate wave v c and the pumping wave v 1 when v 1 is tuned across its center frequency of v 21 2 450 MHz. This yields the third-order susceptibility Re x ͑3͒ D , as shown in Fig. 3(b) . The main result shown in Fig. 3 is that, owing to the EIT effect, the measured third-order susceptibility Re x ͑3͒ D (the real part) is resonantly Fig. 2 . Experimental setup. BS1, BS2, polarization cube beam splitters; SA, spectrum analyzer; APD, avalanche photodiode; l͞2, half-wave plate. DL2 is modulated by a rf signal at frequency v m in the driven current. increased while the absorption Im x
͑1͒
D is reduced at the resonant frequency. The other peak in the NDFWM signal [ Fig. 3(b) ] is due to the population trapping effect when the pumping frequency v 1 is tuned to be on resonance with the F g 1 to F e 1 transition. Figure 4 shows the results as we increase the atomic density of the Rb vapor. The left column is the normalized transmission of the conjugate wave, and the right column is the NDFWM beat signal at different atomic densities. The remarkable feature in Fig. 4 is that, as the atomic density is increased, the absorption of the atomic medium for the generated conjugate wave is increased from 25% in Fig. 4(a) to 99.9% in Fig. 4(c) . Thus the generated NDFWM signal is decreased at off-resonance frequencies. However, because of the EIT effect, only at the resonant frequency (or within the EIT frequency window) can the generated conjugate wave pass through the dense medium with reduced absorption. Therefore the NDFWM beat signal in Fig. 4(f ) is increased in the optically dense medium but has a much narrower linewidth compared with that in the low-density medium.
In conclusion, we have demonstrated a significant enhancement of the nondegenerate fourwave mixing process by using electromagnetically induced transparency in a L-type three-level system of Rb atomic vapor. Both the linear absorption coefficient Im x ͑1͒ D and the third-order susceptibility coefficient Re x ͑3͒ D have been measured in a low-atomic-density medium. In the medium with a high atomic density, the large reduction in absorption owing to the EIT effect leads to a significant enhancement in the total efficiency of the NDFWM process. As a result of the large reduction in absorption (90%) of the generated conjugate wave in our experiment, this enhancement will be useful in generating squeezed light by means of NDFWM (Ref. 11) , in which any optical losses (absorption) for the signal light will destroy the squeezing.
